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UNSATORATED POLYANHYDRIDES 



Background of the Invention . 

The present invention is in the general area of 
polymers for biomedical application and in particular is a 
group of unsaturated polyanhydrides having a double bond 
available for secondary polymerization. 

A number of polymers have been used in biomedical 
applications including polyanhydrides, polyorthoesters, 
polylactic acid, and polyvinylacetate. One of the advan- 
tages of polyanhydrides in these applications is that they 
are both biodegradeable and biocompatible. 

One major application is in biodegradable con- 
trolled release systems. These devices obviate the need to- 
surgically remove the drug-depleted device. Biodegradable 
matrix systems also enjoy a number of other advantages in 
terms of simplicity in design and predictability of release 
if the release is controlled solely by the degradation of 
the matrix. In many cases, however, the release is aug- 
mented by diffusion though the matrix, rendering the process 
difficult to control. This is particularly true if the 
matrix is hydrophilic and therefore absorbs water, promoting 
degradation within the interior of the matrix. To maximize 
control over the release process, it is desirable to have a 
polymeric system which degrades only from the surface and 
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deters the permeation of the drug molecules. Achieving such 
a heterogeneous degradation requires, the rate of hydrolytic 
degradation on the surface to be much faster than the rate 
of water penetration into the bulk. Accordingly, the ideal 
polymer has a hydrophobic backbone in combination with a 
water labile linkage. 

Polyanhydrides were initially proposed by Hill and 
Carouthers in the 1930* s to be a substitute for polyesters 
in textile applications. The idea was later rejected be- 
cause of their hydrolytic instability. However, it is this 
property that renders polyanhydrides appealing for con- 
trolled-release applications. 

Aromatic and aliphatic polyanhydrides were, first 
synthesized in 1909 and 1932 , respectively. The methods 
most commonly used were melt-polycondensation methods. 
(Yoda, et al., Bull. Chem. Soc. Jpn. , 32, 1120 (1959)). The 
materials used in textile applications, while useful, can 
provoke an inflammatory response when used in vivo for 
medical applications. Further, their release 
characteristics are not always uniform. 

Characterization of the degradation and release 
characteristics, and the biocompatibility and chemical reac- 
tivity, of polyanhydrides as drug-carrier matrices was re- 
ported by Leong, et al., in J. Biomeci. Matter. Res. , 19, . 
941-955 (1985) and 20, 51-64 (1986). The polyanhydrides 
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used by Leong et al are vastly improved over the 
polyanhydrides first prepared for use in textiles. These 
studies indicate that the method for manufacture as well as 
the purity of the starting materials can be improved in 
order to improve the in vivo response, i.e., decrease the 
inflammatory response and improve linear release. 

Co-pending application U.S. Serial No. 892,809 
filed August 1, 1986 by Abraham J. Domb and Robert S. Langer 
entitled "Synthesis and Application of High Molecular Weight 
Polyanhydrides" discloses one approach to overcoming the 
deficiencies in both the mechanical and physical properties 
of the polymers as well as the in vivo response. Their 
method is to synthesize high molecular weight polyanhydrides 
from extremely pure diacids and isolated prepolymers under 
optimized reaction conditions. High molecular weight poly- 
anhydrides were defined as having an intrinsic viscosity of 
greater than 0.3 dl/g in chloroform at 23°C and a weight 
average molecular weight of greater than 20,000. 

It is important for drug-delivery applications to 
have polymers having good solubility, required for film 
casting or microencapsulation, as well as stability both in 
solution and in the solid state. Studies of the stability 
of polyanhydrides in solution and in solid state have demon- 
strated that linear polyanhydrides tend to depolymerize. 
Aromatic polyanhydrides are more stable but, unf ortunately , 
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also less soluble. If the linear polymers could be 
crosslinked after polymerization/ their stability would not 
only be enhanced but new applications could be developed* 

It is therefore an object of the present invention 
to provide cross-linkable polymers which are stable in solu- 
tion yet which can be solubilized for film casting or micro- 
encapsulation. 

It is another object of the present invention to 
provide soluble polymers having linear release when cast as 
controlled drug-delivery devices. 

It is still another object of the present invention 
to provide polymers which can be cross-linked for use in 
biomedical applications such as in bone adhesion. 

Summary of the Invention . 

A class of unsaturated poly anhydrides having double 
bonds available for secondary polymerization is disclosed. 
A crosslinked material having improved or different physical 
and mechanical properties can be prepared from these poly- 
anhydrides f via secondary polymerization. The synthesis and 
characteristics of one unsaturated polyanhydride based on 
fumaric acid and its copolymers with aliphatic and aromatic 
diacids, prepared by either the melt-polycondensation method 
or by solution polymerization f is described in detail. 
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These polymers are well suited for use in con- 
trolled release drug delivery devices. The polymer (with or 
without bioactive agents) is first cast as a film or micro- 
encapsule which has double bonds available for crosslinking 
by irradiation or using radical salt polymerization. The 
degradation profile and the release characteristics are more 
uniform than with other polymers since crosslinking helps 
prevent diffusion of water into the material. The degree of 
crystallinity also appears to play an important role in 
preventing water diffusion into the polymer bulk and .thereby 
prevents bulk erosion. 

The polymers can also be used as a bioerodible bone 
cement where the polymer is first cast as a solution onto a 
bone fracture and then crosslinked by radiation or radical 
polymerization to yield a strong, adhesive material. 

Brief Description of the Drawings . 

Figure 1 is a graph of the hydrolytic degradation 
of p(FA), percent degradation versus time (hours), comparing 
degradation in phosphate buffer-THF and phosphate buffer 
alone as a function of pH. 

Figure 2 is a graph of the degradation of p(FA:SA), 
percent degradation versus time (days). 

Figure 3 is a graph of the release of PNA from 
(FA:SA) (1:1) , percent degradation versus time (days). 

! 
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Figure 4 is a graph of PNA released from p(FA:SA) 
(1:1) film, percent polymer or PNA released versus time 
(hours) . 

Figure 5 is a graph of the effect of radiation on 
p(FA:SA) erosion, percent versus time (days). 

Detailed Description of the Invention . 

A class of polyanhydrides for use in biomedical 
application has been developed consisting of unsaturated 
polyanhydrides having double bonds available for secondary 
polymerization. Other useful polymers include copolymers of 
1, 4-phenylenediacrylic acid with aromatic and aliphatic 
diacids. 

Polyfumaric acid, (p(FA)), and copolymers of 
fumaric acid were prepared to demonstrate the synthesis and 
characteristics of unsaturated polyanhydrides. 

Polyfumaric acid is prepared either by melt-poly- 
condensation or by solution polymerization. In the melt 
polymerization, a mixed anhydride of acetic acid and fumaric 
acid is polymerized at between 120° C and 180° C for 30 
minutes under vacuum. The fumaric acid mixed anhydrides are 
preferably polymerized at 180° C under vacuum using an 
acetone dry ice trap. The melted prepolymer solidifies 
after 10 minutes of polymerizatioa at this temperature. 
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The preferred methods of solution polymerization of 
polyanhydrides is described by Leong, et al, in 
Macromolecules 20(4) f 705 (1987) and by Domb et al in co- 
pending application U.S. Serial No. 080,332 filed July 30, 
1987 entitled "One Step Polymerization of Polyandydrides" . 
This method allows polymerization of heat sensitive co- 
polymers of fumaric acid or the incorporation of heat 
sensitive materials into the polyanhydride as it is 
polymerized. 

The properties of fumaric acid polyanhydrides 
formed by melt polymerization are shown in Table I. The 
properties of fumaric acid polyanhydrides- formed by solution 
polymerization are shown in Table II (using a dehydrative 
coupling agent, phosgene or diphosgene) and Table III 
(polymerized in chloroform using an acid chloride 
dehydrochlorination coupling agent) for 24 hours at room 
temperature with a ratio of acid: acid chloride : amine of 
1:1:2.2). 

These methods are decribed in greater details in 
the examples. 
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Table I: Fumaric Acid Polyanhydrides* 



Polymer* 5 


Molecular Weight 
Mw . Mn . 


[n] 

(dl/q) 


Melt. 
Point (°C) 


pFA 








248 


p(FA:SA) (93:7) 








198 


p(FA:SA) (70:30) 


18,500 


10,600 


0.28 


148 


p(FA:SA) (50:50) 


20,900 


9,100 


0.31 


99 


p(FA:SA) (19:81) 


29,350 


13,250 


0.42 


70 



a. Polymerized at 180°C. Mw was determined by GPC. 
Viscosity was measured in CHCI3 at 23°C. 

b. FA -fumaric acid, SA - sebacic acid, DD - 
dodecanedibic acid, AA - adipic acid. 

Table II: Fumaric Acid Polyanhydrides. 

Prepared by Dehydrative Solution Polymerization 



Acid b 



Coupling Agent 



Acid Molecular Weight Melting 
Acceptor Mw. Mn. Point(°C) 



FA 
FA 
FA 

FA:SA 
FA:SA 
FA:SA 
FA:SA 
FA:SA 



Phosgene 

Phosgene 

Diphosgene 

Phosgene 

Phosgene 

Diphosgene 

Diphosgene 

Diphosgene 



TEA 

Pyridine 

TEA 

TEA 

PVP 

TEA 

PVP 

K 2 C0 3 



5300 
4900 
5100 
5840 
2850 



3400 
2990 
3450 
3010 
1910 



245 
248 
245 
91 
91 
90 
92 
91 



a. Polymerized in CHCI3 at 25°C. 

b. FA- fumaric acid, SA - sebacic acid, TEA - 
triethylamine, PVP - poly(4-vinylpyridine) . 



c. Mw was determined by GPC. 
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Table III. • Fumeric Acid Polyanhydrides 

Prepared by Dehydrochlorination Solution Po lymerization 

Acid Acid Acid Molecular Weight 6 Mp c Yield c 
Chlor ide Acceptor Mw Mw CO ill — 



SA 
FA 
FA 
FA 
SA 
SA 
FA 
DD 
FA 
DD 
FA 



SA 
SA 
SA 
SA 
FA 
FA 
AA 
FA 
AA 
FA 
FA 



TEA 
TEA 

Pyridine 

PVP 

TEA 

PVP 

TEA 

TEA 

PVP 

PVP 

TEA 



16700 
5800 
5100 
5900 
5500 
5900 
4600 
5700 
4200 
4900 



7650 
3250 
3100 
3600 
3800 
3500 
2950 
4100 
2550 
2800 



76 
9095 
90-96 
92-96 
90-95 

94- 95 
d 

95- 98 
d 

95-98 
248-250 



63 
60 
65 
70 
60 
62 
54 
60 
56 
45 
85 



a. polymerized at room temperature for 24 hours in chloro- 
form of acid; acid chloride :amine 1:1:2.2 Molar ratio. 

b. Molecular weight of purofied polymers was determined by 
GPC. 

' c. determined on the purified polymer, 
d. undefined melting point. 

Unfortunately, the crystalline fumaric acid 
homopolymer is insoluble in common organic solvents and has 
poor mechanical properties and is therefore not useful for 
drug delivery applications. However, copolymer ization of 
fumaric acid with aliphatic diacids produces soluble 
polymers with weight average molecular weights between 
18,500 and 29,350. A number of factors influence the 
properties and molecular weight of the polymers, including 
selection of the monomers, the ratio of the monomers to each 
other, and the polymerization conditions. For example, when 
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polymerized by melt condensation, reaction times must be 
limited to 30 minutes or less at 180° C to avoid the 
formation of insoluble polymers. The melting points of the 
copolymers decrease with increasing concentrations of the 
aliphatic comonomer. Increasing the ratio of a monomer such 
as sebacic acid, (SA) yields higher molecular weight poly- 
mers • All copolymers possess film-forming properties when 
cast from chloroform solutions at low temperatures • 

The melting points, molecular weights, and IR of 
the fumaric acid copolymers are shown in Table IV. 
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Table IV: Fumaric Acid Copolymers 

Synthesized by Melb Polvcondensation 

Polymer 0 Melting IR^ 
Point Molecular Weight a (cm" 1 ) 
. (°C) Mw Mn 

1800,1725,3080 

1800,1725,3080 

1780,1725,1600 



1600,1780,1730, 
3080 



1,600,1780,1730, 
3080 . 

1790,1730,1600 

1800,1730,1600, 
3080 



a. Molecular weight was determined by GPC. 

b. Characteristic IR for anhydride carboxyls (1730, 1780, 
1800 cm" 1 ) , olefinic protons {3080 cm" 1 ) and aromatic ring 
(1600 cm -1 ), 

c. FA-fumaric acid, AA-adipic acid, DD-dodecanedioic acid, 
CPP- l,3-bis{p-carboxyphenoxypropane) , SA-sebacic acid, 
IP-isophthalic acid, 

d. Undefined melting point. Polymers are soft at room 
temperature and turns into a liquid at 75-80°C for 
p(FA:SA), 55-60°C for p(FA:SA:IP) (1:1:1) , and 105-110°C 
for p(FA:IP) . 

e- The polymer after 30 min. polymerization is not soluble in 
common organic solvents. Soluble polymer , after 10 min. 
reaction, shows molecular weight of 5250 and 2950 for Mw 
and Mn respectively. 

f. Same as e. Soluble polymer had molecular weights 4800 and 
2320 for Mw and Mn, respectively. 



p(FA:AA) (1:1) d 17,000 7,800 

p(FA:DD) (1:1) 98 28,100 12,950 

p(FA:CPP) (1:1) 110 e e 
p(FA:CPP:SA) 

(1:1:0.25) 150 19,450 8,590 



p(FA:CPP:SA) 

(1:1:1) 95-98 20,100 9,110 



p(.FA:IP) (1:1) d 
p(FA:SA:IP) (1:1:1) . d 



f f 
16,910 ' 7,850 
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The polymers described in Tables I, II, III, and IV were 
characterized by infrared spectroscopy performed on a Perkin- 
Elmer 1430 spectrophotometer (Perkin-Elmer , Mass). Polymeric 
samples were film cast onto NaCl plates .from solutions of the 
polymer in chloroform. Prepolymer samples or insoluble polymers 
were either pressed into KBr pellets or dispersed in nujol onto 
NaCl plates. The melting points of prepolymers ' and polymers were 
determined on a Fisher-Johns melting point apparatus. The mole- 
cular weights of the polymers and prepolymers were estimated on a 
.Perkin-Elmer GPC system (Perkin-Elmer, Mass) consisting of a 
series 10 pump and 3600 data station with the LKB 214-rapid 
spectral detector at 254 nm wavelength. Samples were eluted in 
chloroform through two PL Gel columns (Polymer Laboratories) 100 
A and 1000 A pore sizes) in series at flow rates of 1.5 ml/min. 
Molecular weights of polymers were determined relative to 
polystyrene standards (Polysciences, PA. , molecular weight range 
500 to 1,500 f 000) using CHROM 2 and GPC 4 computer programs 
(Perkin-Elmer, Mass). Wide-angle X-ray diffraction of polymers 
in the form of pressed disks, 1 mm thick, was recorded on a 
Phillips X-ray diff ractometer using a nickel-filtered CuK 
source. . /H-NMR spectra were obtained with a Varian 250 MHz NMR 
spectrometer using deuterated chloroform as solvent and 
tetramethylsilane (TMS) as an internal reference. UV 
measurements were performed on a Perkin-Elmer 553 UV/Vis 
spectrophotometer. Elemental analysis were performed by 
Galbraith Laboratories, Knoxville, Tennessee. 
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Example 1. Preparation of Fumaric Acid P olvanhvdrides by 

Melt-Condensation . 

Prepolyraers were prepared as follows. The mixed 
anhydride of sebacic acid and dodecanedioic acid with acetic acid 
were prepared as described by Domb, A., et al, J. Polymer Science 
(1987, in press) and Rosen, et al., Biomaterials 4, 131 (1983). 
Fumaric acid prepolymer was prepared by adding 40 g (0.34 mole) 
of fumaric acid to 500 ml refluxing acetic anhydride. The 
reaction was continued for five hours. The clear yellow-brown 
solution was left to crystallize at -20° C for three days. The 
white crystalline precipitate was then filtered and washed with 
dry ether to yield 25 g (45% yieid) . The melting point of the 
prepolymer was 75° C, IR (KBr, pelat, cnT 1 ) r~ c =C 3070 ( shar P>' 
^anhydride 1800, 1735 ' ' H_NMR (CDCI3, ppm) 6.92 (s,2H), 2.32 
(s,6H) . 

A solution of 22 mmole acetyl chloride (1.6 ml in 10 ml 
chloroform) was added to a stirring mixture of 1.16 g (10 mmole) 
sebacic acid and 2.5 g (22 mmole) poly (4-vinylpyridine) (PVP) in 
15 ml chloroform immersed in an ice water bath. The reaction was 
continued overnight at room temperature. The mixture was then 
filtered and the filtrate evaporated to dryness. Excess acetyl 
chloride was removed by vacuum over 24 hours. The residue was 
washed with diethylether : petroleum ether (1:1). 1-5 g was 
recovered' (80% yield). The prepolymer had a melting point of 
70°C, IR (KBr , pelat, cm 1 ) anhydride 1800, 1740 ' H-NMR 
(CDC1 3> ppm) 6.92 (s,2H), 2.32 (S,6H). 
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The prepolymers underwent melt polycondensation as 
follows. In a typical reaction, 4.0 g (0.034 mole) fumaric acid 
prepolymer was placed in a glass tube with a .side arm and 
polymerized at 180° C under vacuum of less than 100 microns with 
an acetone/dry ice trap to collect the acetic anhydride formed in 
the polymerization. After ten minutes the melt turned to a 
creamy solid. Polymerization was stopped at 30 minutes. The 
creamy solid was ground to powder and washed with dry ether to 
yield 1.8 grams (95%). The polymer melting point was 248-249° C 
with some decomposition. Elemental analysis: C - 48.45, H - 
2.11 (calculated C - 48.98, H - 2.0). 

Copolymers were similarly prepared by polymerizing a 
mixture of prepolymers at 180° C under vacuum. In a typical 
study r 2.0 g (10 mmole) fumaric acid (FA) prepolymer was mixed 
with 2.3 g (10 mmole) sebacic acid (SA) prepolymer and 
polymerized at 180° C under 100 microns vacuum for 25 minutes. 
The crude copolymers were dissolved in methylene chloride or 
chloroform (10 g polymer in 50 ml organic solution) and poured 
dropwise into 500 ml stirring petroleum ether. The light tan 
precipitate was separated by filtration, washed with diethylether 
and dried in a vacuum oven at 35° C for 24 hours. 

Example 2. Solution Polymerization of Fumaric Acid 

Polyanhydr ides . 

Methods for solution polymerization of polyanhydrides 
are reported by Leong et al. in Macromolecules 20(4), 705-712 and 
Shopor et al. Chem. Abst . 76, 91956w (1969). The following 
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method is described by Domb, et al. in co-pending application 
entitled "One Step Polymerization of Polyanhydrides" filed on 

July 30, 1987. 

One equivalent coupling agent was added dropwise to a 
stirring solution of 1 eq. dicarboxylic acids and 2.5 eq. base in 
chloroform. The reaction mixture was stirred at 25° C for 3 
hours. When either poly ( 4-vinylpyridine) (PVP) or K 2 C0 3 was used 
as the acid acceptor, the insoluble solids (e.g., PVP.HCL, KC1) 
were removed by filtration. The filtrate was quenched in excess 
petroleum ether. The precipitated polymer was isolated by 
filtration and dried in a vacuum oven at 40° C for 24 hours. 
When either triethylamine (TEA) or. pyridine were used, the 
polymerization mixture was quenched in petroleum ether. The 
precipitated polymer was redissolved in chloroform and washed 
rapidly with cold water, pH 6.0. The chloroform solution was 
dried over MgS0 4 , and quenched a second time in petroleum ether. 

Insoluble polyanhydrides, pFA or poly (furaaric-sebacic) 
anhydride (p(FA:SA))(93:7), were polymerized as above, but with 
only soluble amines (TEA or pyridine), as the acid acceptors. 
The polymer precipitated during, the polymerization and was 
isolated by filtration. 

Polymerization of fumaric acid and its copolymers with . 
sebacic acid shows similar results whether polymerization is with 
a coupling agent such as phosgene or diphosgene or an acid-acid 
chloride polymerization reaction. For either reaction, soluble 
or insoluble bases are suitable as acid acceptors. 
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In a typical example, 0,5 g (0.5 eq.) diphosgene (the 
coupling agent) was added dropwise into a stirring mixture of 
1.01 g (0.5 eq.) sebacic acid, 0.58 g, (0.5 eq.)r fumaric acid 
and 3 g (2.5 eq.) PVP in 20 ml chloroform. After 3 hours at 25° 
C, the insoluble PVP.HCL was removed by filtration. The filtrate 
was quenched in 100 ml petroleum ether, the precipitated polymer 
isolated by filtration, washed with anhydrous diethyl ether and 
dried at 40° C for 24 hours in a vacuum oven. 

PFA is highiy crystalline and has poor mechanical 
properties. The crystalline polymer has a high melting point and 
is insoluble in common organic solvents. These properties make 
it difficult to process using solvent casting, microencapsulation 
techniques, and injection molding. Compression molded samples 
tended to crumble when immersed in an aqueous environment. 
Polymerization with citraconic acid was tried as a means for 
improving these properties. Unfortunately, a cyclic monomer ic 
anhydride was formed using either the solution or melt 
polymerization methods. 

IR spectra of pFA acid shows anhydride bonds at 1780 and" 
1740 cnT 1 , characteristic of conjugated noncyclic anhydrides, and 
olefinic C-H stretch at 3080 cm" 1 (sharp singlet). All 
copolymers revealed a characteristic IR absorbance for anhydrides 
at 1800 and 1735 cm" 1 . The existence of double bonds, as 
confirmed by the spectra, are important for secondary 
polymerization, which can be used to produce a cross-linked 
matrix with improved mechanical and physical properties. 
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Th e composition and the sequence of the comonomers in 
p(SA:FA) can be estimated from the 'H-NMR spectrum. The ratio 
between fumaric acid and sebacic acid comonomers is determined 
from the ratio of the olefinic protons at 6.9 (2H, fumaric acid) 
and aliphatic protons at 1.34 (8H, sebacic acid). For example, 
for a prepolymer originally having a calculated 50:50 molar 
ratio, the ratio determined from L H-NMR is 46:56 and. for a 
polymer having an intended ratio of 15:85, the prepolymer showed 
a ratio of 17:81 by ^H-NMR. The sequence of the polymers was 
estimated as follows: the aliphatic protons (2CH 2 ) of the 
methylenes conjugated with the anhydride bond of sebacic acid 
split into two triplets, one at <£= 2.447 ppm (j=7.5 Hz) and one a 
/= 2.545 ppm (j=7.5 Hz). The olefinic protons (2H) are split 
into two singlets, at 6 = 6.97 and cf = 2.447 ppm. Both split 
peaks show 1:1 integration ratios. These splittings are 
presumably due to the type of anhydride bonds in the polymer: 
anhydride bonds of sebacic acid-fumaric acid (<^= 2.545 ppm), 
anhydride bonds of sebacic acid-sebacic acid (<f= 2.447 ppm), 

anhydride bonds of fumaric acid-sebacic acid ( 6- 6.91 ppm) and 

13 

anhydride bonds of fumaric acid-fumaric acid (cf = 6.97). C 
spectra of copolymers of sebacic and fumaric acid have 
characteristic peaks (ppm): carboxylic carbons at 160-170 r 
olefinic carbons at 132-136, and aliphatic carbons at 24-35. 

Example 3: Preparation and characte rization of 
polymeric controlled drug-released devices . 

Films were made from the polymers using 20% w/v 
copolymer solutions in dichloromethane cast on glass petri 
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dishes. The dishes were placed on dry ice or stored at -20° C to 
evaporate the solvent. 

Hydrolytic 'degradation of the polymer films was 
performed at 37° C, either in 0.1 M phosphate buffer, pH 7.4, or' 
in a phosphate buf fer-tetrahydrafuran (PB-THF) mixture (1:1, 
v/v) . The degradation kinetics were followed by measuring the UV 
absorbance at 235 nm of the periodically changed buffer 
solution. Disk shaped samples of 15 mm diameter and 1 mm 
thickness, prepared by compression molding of 200 mg polymer at 
30,000 psi, were used. 

The hydrolytic degradation of pFA at various pHs is 
shown in Figure 1. The degradation was performed in aqueous 
buffer solutions and in buffer-THF mixture (1:1) • Increasing 
acidity decreases the degradation rate, probably due to the 
decrease in solubility of the fumaric acid which shields and 
prevents the degradation of the core. However, when the 
degradation is performed in a medium in which the degradation 
products are soluble (for example, the phosphate buffer-THF 
mixture), rapid degradation occurs. 

Figure 2 shows the degradation of different copolymers 
in pH 7.4 buffer. -The degradation rate varies among the 
polymers. m pFA degrades faster than pSA. Copolymers of pFA and 
pSA display release rates between the rates of the 
homopolymers. Figures 3 and 4 demonstrate that the polymer 
degradation and release of the encapsulated compound are the same 
for polymers having a ratio of FA: SA of 20:80 and a ratio -of 
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FA:SA of 50:50. This is probably due to the high crystallinity 
of the polymers which help to prevent water from penetrating the 
polymer and accelerating release by diffusion. The release and 
degradation characteristics of the furaaric acid polymers are also 
shown in Table V. 



Table V: 
Polymer * 3 



Release and Degradation of Fumaric Aci d Polymers 8 

PNA Release 



Rate u 
(mg/cnr/h) 


tj 


(t) d 
(days) 


Rate" 
(mg/cnr/h) 


tj (t) 
(days) 


1.06 




1(3)- 


0.020 


1(3) 


0.461 




3(15) 


0.011 


3(15) 


0.092 




15(45) 


0.013 


4(28) 


0.085 




14(42) 


0.014 


4(27) 


0.107 




13(42) 


0.009 


5(28) 


0.463 




3(10) 


0.025 


1(10) 


0.463 




3(10) 


0.023 


2(10) 



p(FA:AA) (1:1) 

p(FA:DD) (1:1) 

p(FA:CPP) (1:1) 

p(FA:CPP:SA) 
(1:1:0.25) 

p(FA:CPP:SA) 
(1:1:1) 

p(FA:IP) (1:1) 

p(FA:SA:IP) 
(1:1:1) 



b. 



Release and degradation from compression molded discs of 
5% PNA in polymer (15 x 1 mm, 200 mg PNA) xn phosphate 
buffer (0*1 M, pH 7.4) at 37°C. 

FA - fumaric acid, AA - adipic acid, DD - dodecanedioic 
acid, CPP - l,3-bis(P-carboxypttenoxy) propane, SA - 
sebacic acid, IP - isophthalic acid. 

t| is is the time for 50% release or degradation, (t) is 
the time for complete release or degradation. In all 
polymers an initial PNA release of 15 to 20% over the 
first 4 hours was found. 
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d. Determined from the linear part of the release or 
degradation vs. time f after the initial 4 hours* 

The polymers display zero order release kinetics 
when in solution. This kind of continuous release is re- 
quired for most drug delivery applications where the goal is 
to provide a sustained release over a predetermined period 
of time. For oral delivery , a release time would preferably 
be less than 48 hours , more preferably less than one day. 

The polymers of p(FA:SA) having ratios of 20:80 and 
50:50 degrade and release the p-nitroaniline at almost the 
same rate. However, the rate at which 50:50 polymer de- 
grades and releases its contents is faster than the 20:80 
copolymer. The fact that the dye release is determined by 
the polymer erosion can be explained partially by the high 
crystallinity of this polymer which may help in prevent 
water from penetrating the polymer and thus accelerate re- 
lease by diffusion. In all cases, the disk remained intact 
without disintegration until the end of the release study, 
at which time it had completely disappeared. * 

p(FA:SA) copolymers can be crosslinked by a number 
of methods. In the preferred method, the copolymers are 
radiated with 2 Mrad 3 60 Co at room temperature. The 
advantage to this method of crosslinking is that both 
crosslinking and sterilization are obtained at the same 
time. This* yields an insoluble polymer with an undefined 
melting point, indicating crosslinking. The polymers can 
also be crosslinked using benzoyl peroxide and an 
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accellerator , a method known to those skilled in the art. 
Figure 5 graphs the degradation of p(FA:SA) (1:1) before and 
after irradiation. The results show that gamma irradiation 
does not alter the rate of degradation although degradation 
was slightly more uniform. 

An advantage of having polymeric drug-delivery 
devices of this composition with rapid degradation proper- 
ties is that they are ideal for use in oral drug delivery. 
It is desirable both to have a rapid delivery rate as well 
as pH dependency of the drug release for oral release. 

With respect of the structure of the polymers, the 
fraction of crystallites is estimated by X-ray diffrac- 
tion. The crystallinity is determined by the equation 

Xc = £c_, 

Aa+Ac 

where Xc is the percent crystallinity of the homo or copoly- 
mers, Aa is the area under the amorphous hump and Ac is the 
area remaining under the crystalline peaks. When two mono- 
mers both forming a semi-crystalline homopolymer are poly- 
merized, the degree of copolymer crystallinity decreases as 
the second constituent is added to either homopolymer. 
Degree of crystallinity appears to play an important role in 
preventing water diffusion into the polymer bulk and thereby 
prevents bulk erosion. Since an application of these 
polymers is in a drug-delivery system, the high 
crystallinity of these polymers may be an asset. 
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As discussed by Ibay, et al., "Synthesis and Pro- 
perties of Polymers for Biodegradable Implants", 505-509, 
and "Evaluation of Repair Materials for Avulsive Combat-Type 
Maxillofacial Injuries" Wise, et al., CRC Biopolvmer Con- 
trolled Release Systems , vol. II 170-186, (1984) a number of 
materials have been used as biocompatible, biodegradable 
materials for the temporary replacement and/or repair of 
bone. The material described by Wise and Ibay et al., is a 
composition containing poly (propylene fumerate), vinyl- 
pyrollidone, an inert filler such as calcium sulfate and 
benzoyl peroxide. The present invention provides an alter- 
native material for use as an adhesive or filler in bone 
repair/ One of the clear advantages of the material of the 
present invention is that it may applied by a solution and 
then polymerized by irradiation or using radical polymeriza- 
tion with a catalyst, for example, one of the peroxides such 
as Benzoyl peroxide, using N,N - Dimethyl - p - toludine 
(DMT) as an accelerator. 

Although the present invention has been described 
with reference to specific embodiments, any unsaturated 
polyanhydride with* double bonds which can be subjected to 
secondary polymerization for use in biomedical applications 
is believed to be encompassed by the present invention. Not 
only useful for controlled drug delivery, these polymers can 
be used as a bone cement where polymerization is initiated 
either by the presence of a catalyst or by gamma irradia- 



WO 89/01006 



PCT/US88/02570 



-23- 

tion. Other applications will be apparent from the 
foregoing description .- 

Variations and modifications of the present inven- 
tion, unsaturated polyanhydrides for use in biomedical ap- 
plications, will be obvious to those skilled in the art of 
organic synthesis. Such modifications and variations are 
intended to come within the scope of the appended claims. 
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Claims 

1. An unsaturated polyanhydride having at least one double 
bond available for crosslinking, wherein said 
polyanhydride has a melting point of less than about 
200° C. 

2. The polyanhydride of claim 1 wherein said polyanhydride 
is a copolymer of aliphatic and aromatic dicarboxylic 
acids and a diacid selected from the group consisting of 
fumaric acid and l f 4 - phenylenediacrylic acid. 

3. The polyanhydride of Claim 2 wherein said polyanhydride 
is synthesized by reacting diacids with acetic anhydride 
and polymerizing by melt polycondensation. 

4. The polyanhydride of Claim 2 wherein said polyanhydride 
is synthesized by reacting diacids with a 
dehydrochlorination coupling agent and an insoluble acid 
acceptor, 

5. The polyanhydride of Claim 2 wherein said polyanhydride 
is synthesized by reacting diacids with a dehydrative 
coupling agent and an acid acceptor, 

6. A drug delivery device comprising an unsaturated poly- 
anhydride having at least one double bond available for 
crosslinking and a bioactive compound, 

7. The drug delivery device of claim 6 wherein said poly- 
anhydride is polymerized from a dicarboxylic acid 
selected from the group consisting of fumaric acid, l f 4 
phenylenediacrylic acid and aliphatic and aromatic 
dicarboxylic acids. 
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8. The drug delivery device of claim 6 wherein said poly- 
anhydride is crqsslinked. 

9. The drug delivery device of claim 6 for oral drug de- 
livery. 

10. A bone cement comprising an unsaturated polyanhydride 
having at least one double bond available for cross- 
linking , wherein said bone cement is biodegradable and 
biocompatible. 

11. The bone cement of claim 10 wherein said polyanhydride 
is polymerized from fumaric acid. 

12. A method for controlled drug delivery comprising pro- 
viding an unsaturated biocompatible polyanhydride 
composition having at least one double bond available 
for crosslinking and a bioactive compound. 

13. The method of claim 12 further comprising encapsulating 
the bioactive compound within the polyanhydride. 

14. The method of claim 13 further comprising crosslinking 
the polyanhydride. 

15. The method of claim 14 wherein the polyanhydride is 
crosslinked with gamma irradition. 

16. The method of claim 14 further comprising implanting the 
polyanhydride composition. 

17. A method for repairing injuries to bone comprising 
providing an unsaturated polyanhydride having at least 
one double bond available for crosslinking, wherein said 

. bone cement is biodegradable and biocompatible. 
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18. The method of claim 17 wherein the poly anhydride is 
fumaric acid or a cppolymer thereof. 

19. The method of claim 17 further comprising applying the 
unsaturated polyanhydride to a bone injury and cross- 
linking the polyanhydride. 



WO 89/01006 



PCT/US88/02570 



FIGURE 1 




0 60 120 180 240 300 360 420 



TIME (hours) 

0 pH12 PB-THF 

□ pH9.0 PB-THF 

♦ PH7.4PB 

■ pH7.0 PB-THF 

o pH5.0 PB-THF 

▲ pH3.0 PB-THF 

A pH 1.5 PB-THF 
pH 1.5 PB 



WO 89/01006 



PCT/US88/02570 

2/3 




0 1 2 3 4 5 6 7 8 9 10 11 
TIME (days) 



FIGURE 3 100 



55 



Z 

o 

1 

< 
<r 
e> 
u 
a 



80 
60 
40 
20 



□ 



□ 
♦ 



i9 



□ DEGRADATION 
♦ PNA RELEASE 



T" 

10 



20 



TIME (days) 



WO 89/01006 



PCT/US88/02570 



3/3 




150 



TIME , hours 

FIGURE 4 




INTERNATIONAL SEARCH REPORT 

International Application No. PCT/US 8 8/02570 



I. CLASSIFICATION OF SUBJECT MATTER (if several classification symbols apply, indicate all) 6 
According to International Patent Classification (IPC) or to both National Classification and IPC 

INT. CL.4 C08G 67/04 A61K 31/74 



II. FIELDS SEARCHED 



Minimum Documentation Searched 7 



Classification System 


Classification Symbols 


U.S. 


424/78 






528/303 





Documentation Searched other than Minimum Documentation 
to the Extent that such Documents are Included in the Fields Searched ■ 



III. DOCUMENTS CONSIDERED TO BE RELEVANT » 



Category < 



Citation of Document, « with Indication, where appropriate, of the relevant passages « 



Relevant to Claim No. « 



X 



US, A, 3,981,30.3 21 SEPTEMBER 1976, HLGUCHI 
ET AL, SEE COL. 5, 17 AND- 18. 

N, MACROMOLECULES APRIL 1987, LEONG ET AL 
VOL. 20, NO. 4, SEE COLS. 2 AND 3. 

N, JOURNAL OF BIOMEDICAL MATERIALS RESEARCH, 
1985, VOL. 1.9, 941-955 LEONG ET AL SEE PAGES 
9112-944. 

N, ENCYCLOPEDIA OP POLYMERSCIENCE AND 
TECHNOLOGY, VOL. 10 PAGES 630-653, SEE 
ENTIRE DOCUMENT ( 1969). 



1-19 
1-19 
1-19 

1-19 



• Special categories of cited documents: 10 

M A W document defining the general state of the art which is not 
considered to be of particular relevance 

"E" earlier document but published on or after the international 
filing date 

M L W document which may throw doubts on priority claim(s) or 
which Is cited to establish the publication date of another 
citation or other special reason (as specified) 

"O" document referring to an oral disclosure, use, exhibition or 
other means 

"P" document published prior to the international filing date but 
later than the priority date claimed 



"T" later document published after the international filing date 
or priority date and not in conflict with the application but 
cited to understand the principle or theory underlying the 
invention 

"X" document of particular relevance; the claimed invention 
cannot be considered novel or cannot be considered to 
involve an inventive step 

"Y" document of particular relevance; the claimed invention 
cannot be considered to involve an inventive step when the 
document is combined with one or more other such docu- 
ments, such combination being obvious to a person skilled 
in the art. 

document member of the same patent family 



IV. CERTIFICATION 



Date- of the Actual Completion of the International Search 

07 OCTOBER 1988 


Date of Mailing of this International Search Report 

12 DEC 1988 


International Searching Authority 

ISA/US 


Signature of Authorized OfflcerffA^^^y // / 

PETER KULKOSKY 



Porm PCT/ISAC10 (second iheet) (Aev.n-a7) 



